Metabolic syndrome is defined as a cluster of multiple risk factors, including central obesity, dyslipidemia, hypertension and impaired glucose tolerance, that increase cardiovascular disease morbidity and mortality. Genetic factors are important in the development of metabolic syndrome, as are environmental factors. However, the genetic background of metabolic syndrome is not yet fully clarified. There is evidence that obesity and obesity-related phenotypes are associated with variations in several genes, including NEGR1, SEC16B, TMEM18, ETV5, GNPDA2, BDNF, MTCH2, SH2B1, FTO, MAF, MC4R, KCTD15, SCG3, MTMR9, TFAP2B, MSRA, LYPLAL1, GCKR and FADS1. To investigate the relationship between metabolic syndrome and variations in these genes in the Japanese population, we genotyped 33 single-nucleotide polymorphisms (SNPs) in 19 genes from 1096 patients with metabolic syndrome and 581 control individuals who had no risk factors for metabolic syndrome. Four SNPs in the FTO gene were significantly related to metabolic syndrome: rs9939609 (P¼0.00013), rs8050136 (P¼0.00011), rs1558902 (P¼6.6Â10 À5 ) and rs1421085 (P¼7.4Â10 À5 ). rs3764220 in the SCG3 gene (P¼0.0010) and rs2293855 in the MTMR9 gene (P¼0.0015) were also significantly associated with metabolic syndrome. SNPs in the FTO, SCG3 and MTMR9 genes had no SNPÂSNP epistatic effects on metabolic syndrome. Our data suggest that genetic variations in the FTO, SCG3 and MTMR9 genes independently influence the risk of metabolic syndrome.
INTRODUCTION
Metabolic syndrome is a common clinical phenotype that is concurrent with metabolic abnormalities, including central obesity, glucose intolerance, dyslipidemia and hypertension. 1 Several different definitions of the syndrome exist 2 and there are still debates on the adequacy of the concept; however, metabolic syndrome has attracted considerable interest. Although the pathogenesis of metabolic syndrome is not fully understood, the predominant underlying risk factor is considered to be central obesity due to an atherogenic diet and physical inactivity in the presence of some genetic background. 2, 3 Adipose tissue, especially visceral fat, secretes various adipocytokines. An increase in adipose tissue mass leads to an alteration in the plasma levels of adipocytokines, resulting in the development of dyslipidemia, hypertension and insulin resistance. 3, 4 Results from studies using twins and families have suggested that genetic and environmental factors contribute to the clustering of metabolic abnormalities in various ethnic groups. [5] [6] [7] [8] [9] [10] We determined in a previous study that four single-nucleotide polymorphisms (SNPs) (rs2294901, rs6133922, rs6077785 and rs6108572) in the McKusickKaufman syndrome (MKKS) gene were significantly associated with metabolic syndrome in the Japanese population 11 by screening SNPs in 85 obesity-related genes that had been reported as of 2005. 12 We carried out a large-scale case-control association study and found that secretogranin III (SCG3) 13 and myotubularin-related protein 9 (MTMR9) 14 conferred susceptibility to the obesity phenotype in the Japanese population. Recent genome-wide association studies revealed the SNPs associated with obesity and fat distribution (waist circumference and waist to hip ratio). [15] [16] [17] [18] [19] We confirmed that some of these SNPs are also associated with obesity and visceral fat area as determined by computed tomography in the Japanese population. [20] [21] [22] In this study, we investigated the association between metabolic syndrome and 33 SNPs related to obesity and the obesity-related phenotype. We found that SNPs in the fat mass and obesity associated (FTO), SCG3 and MTMR9 genes are associated with metabolic syndrome.
MATERIALS AND METHODS

Study subjects
The sample size of the group of Japanese subjects with metabolic syndrome was 1096 (male to female ratio, 594:502; age, 53.8±12.5 years). The sample size of the group of Japanese controls was 581 (male to female ratio, 182:399; age, 47.2 ± 14.8 years). Metabolic syndrome was diagnosed as reported previously. 11, 23 In brief, metabolic syndrome is defined by the presence of two or more metabolic abnormalities in addition to obesity (body mass index 425 kg m À2 ). The metabolic abnormalities were as follows: (1) triglyceride level X150 mg per 100 ml and/or high-density lipoprotein cholesterol level o40 mg per 100 ml, or under treatment for this type of dyslipidemia; (2) systolic blood pressure X130 mm Hg and/or diastolic blood pressure blood pressure X85 mm Hg, or under treatment for hypertension; and (3) fasting glucose level X110 mg per 100 ml, or under treatment for diabetes. The control group consisted of the subjects who were not obese (body mass index o25 kg m À2 ) and who exhibited none of the metabolic abnormalities described above. Clinical characteristics of subjects are summarized in Table 1 . Subjects with metabolic syndrome were recruited from outpatient clinics. Control subjects were selected from non-obese Japanese volunteers who had undergone a medical examination for common disease screening. Written informed consent was obtained from each subject and the protocol was approved by the ethics committee of each institution and by that of Kyoto University.
DNA preparation and SNP genotyping
Using Genomix (Talent Srl, Trieste, Italy), genomic DNA was extracted from blood samples collected from each subject. We constructed Invader probes (Third Wave Technologies, Madison, WI, USA) for rs3101336, rs2568958 and rs2815752 in the neuronal growth regulator 1 (NEGR1) gene; rs10913469 in the SEC16 homolog B (SEC16B) gene; rs6548238 and rs7561317 in the transmembrane protein 18 (TMEM18) gene; rs7647305 in the ets variant 5 (ETV5) gene; rs10938397 in the glucosamine-6-phosphate deaminase 2 (GNPDA2) gene; rs6265 and rs925946 in the brain-derived neurotrophic factor (BDNF) gene; rs10838738 in the mitochondrial carrier homolog 2 (MTCH2) gene; rs7498665 in the SH2B adaptor protein 1 (SH2B1) gene; rs9939609, rs8050136, rs6499640, rs1121980, rs1558902 and rs1421085 in the FTO gene; rs1424233 in the v-maf musculo-aponeurotic fibrosarcoma oncogene homolog (MAF) gene; rs17782313, rs12970134, rs489693 and rs17700144 in the melanocortin 4 receptor (MC4R) gene; rs29941 and rs11084753 in the potassium channel tetramerization domain-containing 15 (KCTD15) gene; rs3764220 in the SCG3 gene; rs2293855 in the MTMR9 gene; rs987237 in the transcription factor AP2b (TFAP2B) gene; rs7826222 in the methionine sulfoxide reductase A (MSRA) gene; rs2605100 in the lysophospholipase-like-1 (LYPLAL1) gene; rs780094 and rs1260326 in the glucokinase regulator (GCKR) gene; and rs174547 in the fatty acid desaturase 1 (FADS1) gene. The SNPs were genotyped using Invader assays as previously described. 24 The success rate of these assays was 499.0%.
Statistical analysis
For the additive model, we coded genotypes as 0, 1 or 2, depending on the number of copies of the risk alleles. For the dominant model, homozygosity and heterozygosity with the risk allele were coded as 1 and the other was coded as 0. For the recessive model, homozygosity with the risk allele was coded as 1 and others were coded as 0. Additive, dominant and recessive models were chosen for each SNP, according to data from the previous reports. [13] [14] [15] [16] [17] [18] [19] Odds ratios (ORs) and P-values adjusted for age and gender were calculated using multiple logistic regression analysis with genotypes, age and gender as the independent variables. The Hardy-Weinberg equilibrium was assessed using the w 2 -test. 25 Simple comparison of the clinical data between case and control groups was carried out using the Mann-Whitney U-test. To test SNPÂSNP epistasis for case-control population-based samples, we used the logistic regression model for each SNP1 and SNP2, and fits the model in the form of Y¼b 0 +b 1 ÂSNP1+b 2 ÂSNP2+b 3 ÂSNP1ÂSNP2+b 4 Âage+b 5 Âgender. Statistical analysis was performed using the software R (http://www.r-project. org/). P-values were corrected by Bonferroni adjustment and Po0.00152 (0.05/ 33) was considered significant.
We examined the power (a¼0.00152) of the test for 1096 cases and 581 controls using GDesignPlus (StaGen, Tokyo, Japan). We considered the controls of five different levels of minor allele frequencies (0.1-0.5) and four different levels of the ORs (1.2-1.5). Obtained power was indicated in Supplementary  Table 1 .
RESULTS
We used measurements of body mass index (425 kg m À2 ) instead of waist circumference, as there are still debates on the criteria for waist circumference, especially in Japanese women. The prevalence of metabolic syndrome increased with subject age and has been previously reported to be B6-7 times higher in men than in women in Japan. 23 Among our subjects, the ratio of men to women and the average age were both significantly higher in the case group than in the control group (Table 1) . To adjust for the effects of age and gender, logistic regression analysis was performed. The most significant Table 2 ). These two SNPs were previously reported as variations associated with waist circumference 18, 19 and associated with visceral fat area as determined by computed tomography. 22 Two other SNPs (rs9939609 and rs8050136) in the FTO gene were also significantly associated with metabolic syndrome even when the conservative Bonferroni's correction was applied (Po0.00152). Significant associations were also observed between metabolic syndrome and rs3764220 in the SCG3 gene (P¼0.0010) and rs2293855 in the MTMR9 gene (P¼0.00146). SNPs, rs6548238 and rs7561317 in the TMEM18 gene, rs7498665 in the SH2B1 gene and rs1121980 in the FTO gene, were marginally associated with metabolic syndrome (Po0.05). SNP rs10838738 in the MTCH2 gene was also marginally associated with metabolic syndrome, although presence of the G-allele, which is a risk allele for obesity, 15, 16 was associated with a reduced risk of metabolic syndrome. Other SNPs did not show any significant associations with metabolic syndrome. The lack of significant association of these SNPs is most likely due to the relatively lower power of this study (Supplementary Table 1 ). All SNPs were in Hardy-Weinberg equilibrium (P40.05), with the exception of rs6499640 (P¼0.0099) and rs1424233 (P¼0.0034) in the case group and rs3764220 in the control subjects (P¼0.0018).
As six SNPs were significantly associated with metabolic syndrome, we tested SNPÂSNP epistasis. Four SNPs in the FTO gene were in a linkage disequilibrium (r 2 40.97), thus, pair of these SNPs were not analyzed. Any pairs of SNPs did not show significant epistatic effect on metabolic syndrome (Table 3 ). We performed the multiple logistic regression analysis with three genotypes (rs1558902, rs3764220 and rs2293855), age and gender as the independent variables and found that effects of these SNPs in the three genes on metabolic syndrome were additive: rs1558902 (additive model), P¼4.1Â10 À5 , OR (95% CI)¼1.50 (1.23-1.81); rs3764220 (dominant model), P¼0.00018, OR (95% CI)¼4.77 (2.11-10.79); rs2293855 (recessive model), P¼0.00090, OR (95% CI)¼1.46 (1.17-1.82). Similar results were obtained using rs9939609, rs8050136 and rs1421085, instead of rs1558902. Next, we examined the effects of significant SNPs on each metabolic disorder (dyslipidemia, hypertension and impaired fasting glucose). SNPs (rs9939609, rs8050136, rs1558902 and rs1421085) in the FTO gene were significantly associated with dyslipidemia, hypertension and impaired fasting glucose (Table 4) . rs2293855 in the MTMR9 gene was significantly associated with hypertension and impaired fasting glucose, and was marginally associated with dyslipidemia. rs3764220 in the SCG3 gene was marginally associated with all three metabolic disorders. There were no obvious differences among the effects (OR) on each metabolic disorder.
DISCUSSION
The SNPs that were most significantly associated with metabolic syndrome (rs1558902 and rs1421085) exist in the FTO gene. Visceral fat accumulation is the most predominant factor for the development of metabolic syndrome. SNPs (rs1558902 and rs1421085) were reported to be associated with waist circumference and visceral fat area as measured by computed tomography. 18, 19, 22 SNPs (rs9939609, rs8050136, rs1558902 and rs1421085) were also associated with obesity and type 2 diabetes. [15] [16] [17] We have previously reported that rs3764220 in the SCG3 gene was associated with obesity and subcutaneous fat area as measured by computed tomography 13 and that rs2293855 in the MTMR9 gene was associated with obesity and hypertension. 14 Therefore, it is likely that rs9939609, rs8050136, rs1558902 and rs1421085 in the FTO, rs3764220 in the SCG3 and rs2293855 in the MTMR9 genes would be susceptible for metabolic syndrome. Epistasis, or gene-gene interaction, has recently received much attention in human genetics. 26 In this study, effect of these SNPs on metabolic syndrome was independent, and epistatic effect was not observed.
In the simulation study, the power of this test was 0.317 in the following condition; the sizes of the case and the control groups are 1096 and 581, respectively, OR is 1.4, risk allele frequency is 0.2 and the model of inheritance is additive. Therefore, further studies would be necessary to elucidate the association between SNPs and metabolic syndrome.
SNPs (rs780094 and rs1260326) in the GCKR gene were previously reported to be associated with metabolic disorders; [27] [28] [29] however, the present study did not show the association with metabolic syndrome. The C-allele of rs780094 was reported to be associated with increased fasting plasma glucose and lower triglyceride levels. The risk allele of rs780094 had an antagonistic affect on plasma glucose and triglycerides levels. SNP rs174547 in the FADS1 gene, which is in almost complete linkage disequilibrium with rs174550, is associated with dyslipidemia and type 2 diabetes. 28, 30 Similar to rs780094, the effects of the risk allele of rs174547 on type 2 diabetes, hypertension and dyslipidemia are not the same. Thus, rs780094 and rs174550 are not likely to be important in the development of metabolic syndrome.
SNPs (rs6548238 and rs7561317) in the TMEM18 gene were marginally associated with metabolic syndrome. We have reported that these SNPs are associated with obesity. 21 Takeuchi et al. reported that rs48454344, which is in almost complete linkage disequilibrium with rs6548238 and rs7561317, 21 was associated with body mass index and type 2 diabetes. 31 Therefore, rs6548238 and rs7561317 in the TMEM18 gene might be susceptible for the development of metabolic syndrome.
The G-allele of rs10838738 in the MTCH2 gene, which is a risk allele for obesity, 16 reduced the risk of metabolic syndrome. Takeuchi et al. 31 reported that the G-allele is a risk factor for obesity and is protective for type 2 diabetes. Although further investigations would be necessary, there is a possibility that there are some variations that are specifically associated with components of metabolic syndrome, apart from obesity.
Our approach effectively indicated that SNPs in the FTO, SCG3 and MTMR9 genes are associated with metabolic syndrome in the Japanese population, in addition to the previously reported SNPs in the MKKS gene. SNPs in the FTO, SCG3 and MTMR9 genes had no SNPÂSNP epistatic effects on metabolic syndrome. As metabolic syndrome is a complex concept and the criteria are still controversial, further investigations are necessary to elucidate the roles of SNPs in the MKKS, FTO, SCG3 and MTMR9 genes in the development of metabolic syndrome. 
